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Abstract. Oak is an important tree species, playing a fundamental role in 

many forest ecosystems. Obtaining high-quality oak planting material is a 

actual issue in forest biotechnology. The most promising method for this, in 

vitro micropropagation, faces a number of problems that can be overcome 

using a nanobiotechnological approach. In our work, we obtained flaky 

copper oxide nanoparticles with a particle size of 50–200 nm in diameter 

and a thickness of 10–20 nm, which were used in the WPN medium at a 

concentration of 0.75, 1.5, 3, 6, and 15 μg L-1 at the stage of introducing the 

original red oak material into the in vitro tissue culture. The study 

demonstrated a dose-dependent antimicrobial effect: seedling sterility 

increased from 80% (+10% to the control) at 1.5 μg L-1 CuO to 100% at 

doses of 3 μg L-1 and higher. The maximum survival rate was observed at 3 

μg L-1 – 43%, which is 23% higher than the control values. At the 

multiplication stage, nanoparticles significantly increased plant viability – 

twice as much in the variant with 3 μg L-1 CuO and 1.7 times when using 

nanoparticles and phytohormones. The combined use of nanoparticles and 

hormones increased the seedling height by 1.5 times and the number of 

additional shoots by 3 times. At the rooting stage, CuO nanoparticles did not 

show any rhizogenesis-stimulating effect. At the same time, phytohormones 

and nanoparticles stimulated root formation. At the adaptation stage, a fairly 

low percentage of surviving and adapted plants was observed in the control 

variant, while the addition of nanoparticles had a positive effect on plant 

adaptation. The number of surviving seedlings increased by 15%, the 

number of adapted ones by 10. Thus, our study showed the prospects of 

using CuO nanoparticles to improve the biotechnology of clonal 

micropropagation of red oak. In the future, these results can be used in 

breeding and obtaining high-quality planting material for this species.  

1 Introduction 

Obtaining high-quality planting material for artificial reforestation and protective 

afforestation is a highly pressing issue. There is an undeniable need to search for new, 

effective, innovative technologies for accelerated production of healthy planting material of 
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tree species in vitro. Practical implementation of the concept of clonal afforestation can lead 

to the creation of more productive and genetically diverse forests [1]. It has been shown that 

the use of planting material obtained using clonal micropropagation techniques with the use 

of nanotechnological approaches can reduce production costs for afforestation and 

reforestation and make afforestation of territories more cost-effective [2]. The possibility of 

using nanoparticles in clonal propagation technology is dictated by their high antibacterial 

and antifungal activity [3-7], improved callusogenesis and organogenesis [8, 9], and the 

synthesis of biologically active compounds [10]. Among the most frequently used 

nanoparticles in plant growing, copper oxide nanoparticles can be distinguished, primarily 

due to their antimicrobial effectiveness, growth-promoting and protective properties [11, 12]. 

For example, CuO nanoparticles 20–50 nm in size exhibited strong antibacterial activity 

against gram-positive Bacillus subtilis and Staphylococcus aureus, gram-negative bacteria 

Escherichia coli, and against the fungi Aspergillus flavus, Aspergillus niger and Penicillium 

frequentans [13]. CuO nanoparticles obtained from the extract of Zizyphus spina leaves 

showed antifungal efficacy in vitro and in vivo against Fusarium solani, which causes root 

rot of tomatoes [14]. It was found on Phytophthora nicotianae that CuO nanoparticles affect 

the process of reproductive growth of the fungus, suppressing the growth of hyphae, spore 

germination and formation of sporangia [15]. Morphological damage, intracellular 

accumulation of ROS and increased activity of superoxide dismutase in hyphae are assumed 

as antifugal mechanisms. At the same time, activation of protective enzymes of tobacco and 

increased expression of resistance genes were observed. 

In our previous works, the efficiency of CuO nanoparticles at different stages of clonal 

micropropagation of birch and grey poplar was demonstrated [16-18], and activity against 

phytopathogenic fungi Alternaria alternata and Fusarium avenaceum [19], Alternaria solani 

[20] was established. In the present study, the effect of CuO nanoparticles on red oak 

microseedlings at all stages of microcloning was assessed. Oak (Quercus L. spp.) is an 

important tree species, playing a fundamental role in many forest ecosystems. However, a 

number of threats, such as habitat loss and climate change, have led to a decline in the number 

of a number of species worldwide [21]. In addition, the most common strategy of seed storage 

after drying is not suitable for oak [22], since oak acorns do not tolerate drying [21, 23]. The 

use of biotechnology methods will allow preserving valuable selection objects that are 

difficult to propagate by traditional methods and obtaining healthy planting material. 

However, many experts note the difficulties in in vitro cloning of oak [24]. Particularly 

difficult is working with adult plant material; already at the initial stages of introducing 

segments of old trees into culture, there are difficulties in obtaining sterile morphogenic 

explants due to the presence of internal infection [25-27]. Also, oak is characterized by an 

unsatisfactory rooting phase [28], while this stage is fundamental for achieving the final goal 

- transplanting plants into non-sterile ex vitro conditions. 

Previously obtained results [16-18] suggest that the introduction of copper oxide 

nanoparticles into cultivation media will help reduce plant infection, as well as increase the 

efficiency of clonal micropropagation technology of red oak.  

2 Materials and methods 

The study used copper oxide nanoparticles obtained by chemical precipitation [17]. The 

morphology of the obtained nanoparticles was studied by scanning electron microscopy on a 

Merlin high-resolution scanning electron microscope (Carl Zeiss, Germany). 

To introduce the nanoparticles into the nutrient medium, an aqueous dispersion was 

prepared. A weighed portion of CuO powder (50 mg) was placed in a 100 ml glass container 

with a screw cap and filled with 50 ml of sterile distilled water (pH 7.1 ± 0.2). The 

suspensions were mixed and treated with ultrasound (VBS-41H, Vilitek, Moscow, Russia) 
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for 10 min. Aliquots were taken from the resulting concentrated suspension of nanoparticles 

(1 g/l) for introduction into the culture medium to obtain working concentrations. The 

dispersion composition and stability (measurement of zeta potential) of the initial colloidal 

solution were studied using a ZetasizerNanoZS analyzer (Malvern Panalytical, Malvern, 

UK). 

The material for the study was red oak plants (Quércus rúbra) growing in open ground 

conditions on the territory of the Semiluki forest nursery in the Voronezh region (Russia) 

(Fig. 1). 

 

 

Fig. 1. Red oak in open ground. 

Freshly cut cuttings with apical and axillary buds were used for the study. The cuttings 

were thoroughly washed using surfactants and rinsed with distilled water. After that, the 

shoots were cut into 3-5 cm pieces, washed in a solution containing 200 μl of a 2% sodium 

hypochlorite solution and 200 ml of distilled water for 35 minutes, followed by rinsing in 

distilled water (at least 10 minutes), and then proceeding directly to sterilization. The main 

sterilization of the shoots was carried out for 15 minutes in a laminar flow hood in a solution 

containing 15 ml of a 5% sodium hypochlorite solution and 85 ml of sterile water. After the 

main treatment, the explants were subsequently rinsed 4 times with sterile water. For 

introduction into the culture, sterile explants were cut under aseptic conditions into 1.5-2 cm 

segments with one axillary bud and introduced into culture vessels with nutrient media 

containing CuO nanoparticles at concentrations of 0.75, 1.5, 3, 6, and 15 μg/l. Cultivation 

took place on WPM (woody plant medium) [29] on shelves of the light installation of the 

culture room at a temperature of +24 °C, day/night photoperiod of 16/8 hours, illumination 

of 5000 lux, and relative air humidity of 70%. 

WPM medium was also used at the multiplication stage. Cultivation was carried out in 

media containing hormones (0.2 mg/l benzylaminopurine (BAP), 0.1 mg/l indolyl-3-acetic 

acid (IAA), and 0.3 mg/l gibberellic acid (GA)), nanoparticles (3 μg/l), and nanoparticles and 

hormones together. 

During cultivation, morphometric parameters, seedling sterility, and condition were 

assessed on a 5-point scale: 

5 points – ideal condition of microclones, green color, no necrotic foci; 

4 points – good condition of microclones, green color, necrotic foci occupy no more than 

10% of green mass; 

3 points – satisfactory condition of microclones, necrotic foci occupy no more than 30% 

of green mass; 
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2 points – poor condition of microclones, necrotic or vitrified foci occupy more than 30% 

of green mass, such microclones have little chance of survival; 

1 point – very poor condition of microclones, necrotic foci occupy more than 60% of 

green mass. 

At the multiplication stage, a histological analysis of leaf blades was also performed using 

the VideoTesT-Morphology 4.0 hardware and software package. 

At the rooting stage, ½ WPM containing CuO nanoparticles (3 μg/l) and indole-3-butyric 

acid at a concentration of 0.4 mg/l were used. 

The effect of nanoparticles on oak seedlings when transferred to non-sterile greenhouse 

conditions was assessed under greenhouse conditions (humidity 85-90%, temperature 22-24 ̊ 

C) in 0.5 l containers containing neutral peat and perlite in a 3:1 ratio. The pH of the aqueous 

extract from the peat substrate was 6.7. A broad-spectrum regulator and adaptogen 24-

epibrassinolide (EBL) was used as a positive control [30, 31]. 

In all biological studies, there were 10 seedlings in each control and experimental group, 

the experiments were carried out in triplicate biological and analytical replicates. 

Statistical data processing was performed using Microsoft Excel 2010 (Descriptive 

Statistics package) using one-way analysis of variance (ANOVA) at a 5% significance level. 

3 Results and discussion 

3.1 Nanoparticles and their suspensions 

Morphological analysis of the obtained CuO nanoparticles showed that the sample consists 

of aggregates of flocculent particles, the size of individual particles is 50 - 200 nm in diameter 

and 10 - 20 nm in thickness. Energy-dispersive X-ray spectroscopy (EDXA) showed that the 

analyzed powder is copper oxide, without any impurities (Fig. 2). 

 

 

Fig. 2. Electron microscopic image and energy dispersive X-ray spectroscopy of a sample of CuO 

nanoparticles. 

Analysis of the dispersed composition of the suspension showed that the average 

hydrodynamic diameter of particles and aggregates in the colloidal system was 150 - 250 nm 

(Fig. 3 a). The ζ potential of the original suspension of nanoparticles was - 36.6 mV (Fig. 3 

b), which is evidence of the stability of the solution [32, 33]. 
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a) b) 

Fig. 3. The CuO-NP suspension (a) particle size distribution and (b) zeta potential. 

The analysis of the obtained nanoparticle powder and their suspension showed that the 

obtained particles have a flocculent morphology, the maximum particle size is in the range 

of 50 - 200 nm with a thickness of 10-20 nm. 

3.2 Microcloning 

At the stage of introduction into the culture, concentrations of 0.75, 1.5, 3, 6, and 15 μg / l 

CuO nanoparticles were used, introduced as a suspension (replacement of part of the water 

with a solution of nanoparticles) in the composition of the WPN nutrient medium. Cultivation 

was carried out for 1.5 months. During the study, it was found that the introduction of CuO 

nanoparticles into the cultivation medium had a dose-dependent antimicrobial effect (Fig. 4 

a). Thus, at 1.5 μg/l, 80% of sterile shoots were noted, at 70% in the control variant. At higher 

doses (3…15 μg/l), 100% sterility was observed. The number of surviving seedlings in the 

control was about 20%, similar results were obtained for the 0.75 mg/l variant. The addition 

of 1.5 mg/l nanoparticles increased the percentage of surviving plants by 10%, and with an 

increase in concentration to 3 μg/l, the indicator increased by 23% relative to the control. 

With an increase in the concentration of nanoparticles to 6 μg/l, the percentage of surviving 

seedlings was 31% (+11% to the control), and at 15 μg/l, suppression of viability was already 

observed - the indicator was only 15%, which is 5% lower than the control values (Fig. 4 a). 

The height of plants decreased with increasing concentration of nanoparticles (Fig. 4 b), 

while the number of leaves was the same in all variants (2 pcs.), except for the group 

cultivated at 3 μg/l of nanoparticles, where the average number of leaves was three (Fig. 4 

c). 

 

  

a) b) 
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c) d) 

Fig. 4. Biomorphological parameters of red oak microclones at the stage of introduction into culture. 

The assessment of the general condition of microclones is presented in Figure 4 d. The 

condition of seedlings was assessed at 5 points only in the 3 μg/l group. In the control variant, 

the condition of plants was assessed at 3 points - small foci of necrotic damage were observed. 

At a concentration of 15 μg/l of nanoparticles, strong inhibition of growth and development 

of seedlings was observed, necrotic foci occupied more than 60% of the green mass. The 

analysis of the obtained results shows that the most favorable conditions for plant cultivation 

at the stage of introduction into culture were those with a content of 3 mg/l of nanoparticles 

in the culture medium. This dose of nanoparticles was chosen for the further stage of 

multiplication. Cultivation was carried out on 4 variants of media: 1 - control, medium 

without hormones and nanoparticles, 2 - medium containing phytohormones (Ph), 3 - 

medium containing nanoparticles at a concentration of 3 μg/l and 4 - medium with 

nanoparticles and hormones. At the stage of multiplication, copper oxide nanoparticles 

significantly increased the viability of plants (Fig. 5 a). In the control variant, the number of 

viable sprouts was only 30%, and the introduction of phytohormones further reduced the 

indicator by 5%. At the same time, in the group cultivated in a medium with nanoparticles, 

the number of surviving shoots was 62%, i.e. more than twice as high as the control values. 

With the combined use of nanoparticles and phytohormones, the number of surviving shoots 

(51%) was less than in the variant with only nanoparticles, but significantly more than with 

only phytohormones. The height of the seedlings did not change under the influence of 

nanoparticles (Fig. 5 b). Phytohormones in the nutrient medium reduced the indicator by 

almost 30%, but the combined use of nanoparticles and hormones allowed to increase the 

height of the seedlings by 1.5 times. 

 

  

a) b) 
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c) d) 

Fig. 5. Biomorphological parameters of red oak microclones at the multiplication stage. 

The main objective of the multiplication stage is to increase the number of microclones. 

The addition of phytohormones to the culture medium increased the number of additional 

shoots by 2 times, and the use of phytohormones with nanoparticles increased the indicator 

by 3 times (Fig. 5 c). During the analysis of the experimental results, a decrease in the number 

of leaves on the seedlings under the influence of phytohormones was noted. The maximum 

number of leaves was observed in the plants of the group cultivated only with CuO 

nanoparticles - 5, against 4 in the control variant. Despite some decrease in a number of 

parameters in individual variants, the general condition of the seedlings in all experimental 

groups was estimated at 5 points, while the plants of the control group had foci of necrotic 

damage and their condition was estimated at 3 points. 

 

 

Fig. 6. Red oak microclones: (left to right) control, CuO + hormones. 

At the multiplication stage, a comparative histological analysis of the stomata of the 

leaves of the control group plants and plants grown with the addition of nanoparticles was 

carried out. As can be seen from Figure 7, in the CuO variant, a decrease in the area of the 

stomatal slit was observed, without a decrease in the density of the stomata compared to the 

control. This may indicate the resistance of these microclones to infectious diseases. 
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a) b) 

Fig. 7. Red oak stomata: a) control; b) CuO. 

Thus, the studies showed the ability of CuO nanoparticles to increase the viability of red 

oak microclones by 32% compared to the control, the formation of adventitious shoots up to 

2 pcs. (reproduction coefficient 3), increasing the adaptive capacity to in vitro conditions and 

infections of such a complex tree crop. 

At the rooting stage, CuO nanoparticles did not show any rhizogenesis-stimulating effect 

(Table 1). However, when using phytohormones and nanoparticles, root formation occurred 

(Fig. 8). 

Table 1. Morphometric indices of cultivated red oak plant samples at the rooting stage. 

Variant 
Number of surviving 

microclones, % 

Number of microclones with 

roots, % 

Control 100 0 

CuO 3 g/l 100 0 

IAA 0.4 mg/l 100 4 

CuO + IAA 100 5 

 

 

Fig. 8. Red oak microclones on the medium with IMC + CuO (left) and on the medium without 

additives (right). 

In general, based on the results of the experiment, it can be said that copper oxide 

nanoparticles do not have a significant effect on the rhizogenesis of red oak seedlings. 
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At the stage of adaptation to non-sterile conditions, nanoparticle solutions at a 

concentration of 3 μg/l were also used. It should be noted that the percentage of surviving 

and adapted plants in the control variant was quite low, which may be due to the difficulties 

in in vitro cloning of oak [24], while the addition of nanoparticles had a beneficial effect on 

plant adaptation (Fig. 9). The number of surviving seedlings increased by 15%, the number 

of adapted ones by 10. Analysis of the data shown in diagram 9 shows that the effect of 

nanoparticles is comparable to the effect of 24-epibrassinolide. 

 

 

Fig. 9. Biomorphological parameters of red oak microclones at the stage of adaptation in vivo. 

Thus, in our work, we obtained copper oxide nanoparticles of a flake shape, with a particle 

size of 50-200 nm in diameter and a thickness of 10-20 nm. 

A dose-dependent antimicrobial effect was noted at the stage of introduction into the 

culture - the sterility of seedlings increased from 80% (+ 10% to the control) at 1.5 μg / l CuO 

to 100% at doses of 3 μg / l and higher. Copper-containing nanoparticles are known for their 

antimicrobial properties [34-36], in particular, a significant number of studies are devoted to 

the effect of copper nanoparticles on phytopathogens [37-40]. It is assumed that the main role 

in the biocidal mechanism is played by free copper ions released from the surface of 

nanoparticles and reactive oxygen species (ROS), causing oxidative stress [34]. Also, toxic 

effects described in bacteria and fungi include membrane damage [41], intracellular ion 

accumulation, protein inactivation, and DNA damage [42]. The maximum seedling survival 

rate in our study was observed at 3 μg/l – 43%, which is 23% higher than the control values. 

Increasing the CuO concentration to 15 μg/l decreased the rate by 5%, which may be due to 

the phytotoxic effect of copper [43–45]. Plant height decreased with increasing nanoparticle 

concentration, while the number of leaves was the same in all variants (2 pcs.), with the 

exception of the group cultivated at 3 μg/L nanoparticles, where the average number of leaves 

was three. The general condition of the microclones was assessed at 5 points; the condition 

of the seedlings was assessed only in the 3 μg/l group. In the control variant, the condition of 

the plants was assessed at 3 points, since foci of necrotic damage were observed. At a 

concentration of 15 μg/l of nanoparticles, the condition was assessed at 1 point. 

At the multiplication stage, nanoparticles significantly increased plant viability – twice 

as much in the variant with CuO and 1.7 times when using nanoparticles and phytohormones. 

Previously, other authors have shown that CuO nanoparticles improve plant growth and 

development by enhancing photosynthesis [46], nutrient absorption and root growth [47]. At 

the same time, in our experiment, the introduction of only phytohormones reduced the 

indicator by 5%. The height of seedlings did not change under the influence of nanoparticles, 

phytohormones reduced the indicator by almost 30%, but the combined use of nanoparticles 

and hormones allowed us to increase the height of seedlings by 1.5 times. The addition of 

phytohormones to the culture medium increased the number of additional shoots by 2 times, 

BIO Web of Conferences 145, 02006 (2024)

Forestry Forum 2024
https://doi.org/10.1051/bioconf/202414502006

9



and the use of phytohormones with nanoparticles increased the indicator by 3 times. A 

decrease in the number of leaves on seedlings under the influence of phytohormones was also 

noted. The maximum number of leaves was observed in the plants of the group cultivated 

only with CuO nanoparticles – 5, against 4 in the control variant. Despite some decrease in a 

number of indicators in individual variants, the general condition of seedlings in all 

experimental groups was estimated at 5 points, while plants of the control group had foci of 

necrotic damage and their condition was estimated at 3 points. Histological analysis of 

stomata of leaves of plants of the control group and plants grown with the addition of 

nanoparticles showed a decrease in the area of the stomatal slit in the variant with CuO, 

without a decrease in the density of stomata compared to the control. This may be evidence 

of the resistance of these microclones to infectious diseases. It is known that plants close their 

stomata upon detection of a molecular pattern associated with a pathogen to prevent the 

penetration of pathogens, which is known as stomatal immunity [48]. A complex regulatory 

network modulating stomatal defense against pathogens may include the perception of 

pathogen-associated molecular patterns, the production of nitric oxide and reactive oxygen 

species, calcium influx, activation of ion channels, and crosstalk between abscisic acid and 

jasmonic acid hormones [49, 50]. 

At the rooting stage, CuO nanoparticles did not show a rhizogenesis-stimulating effect. 

However, with the combined use of phytohormones and nanoparticles, as well as with 

phytohormones alone, root formation was observed. 

At the adaptation stage, a fairly low percentage of surviving and adapted plants was 

observed in the control variant, while the addition of nanoparticles had a beneficial effect on 

plant adaptation. The number of surviving seedlings increased by 15%, the number of 

adapted ones by 10. 

4 Conclusions 

Thus, our study showed the potential of using CuO nanoparticles to improve the 

biotechnology of clonal micropropagation of red oak. In the future, these results can be used 

in selection and obtaining high-quality planting material for this crop. 
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